demonstrated that carbons may be classified as either 'graphitizing' or 'non-graphitizing', depending on whether they form single-crystal graphite after high-temperature heat treatment. Non-graphitizing carbons tend to be hard and microporous and can be produced by pyrolysis of a wide variety of materials ranging from polymers to coconut shell. When activated by treatment with a mild oxidizing agent, such carbons can have exceptionally high surface areas and are widely used as adsorbents and as catalyst supports. However, despite their great commercial importance, the detailed structure of these carbons at the atomic level is still poorly understood. The traditional view is that the microstructure consists of twisted networks of carbon layer planes cross-linked by bridging groups, explaining both their hardness and their resistance to graphitization (McEnaney 1988 , Foley 1995 , but the precise nature of such bridging groups has never been properly established. Earlier suggestions that sp3 bonding may be present in non-graphitizing carbons (for example Ergun and Alexander (1962) ) have now been largely discounted. The discovery of the fullerenes (Kroto et al. 1985 , Kratschmer et al. 1990 ) and subsequently of related structures such as carbon nanotubes (Iijima 1991, Ebbesen and Ajayan 1992) , nanoparticles , Saito et al. 1993 and onions (Ugarte 1992) has demonstrated that sp2-bonded carbons containing non-six-membered rings can be highly stable. This has led several workers to suggest that fullerene-like structures may be present in carbon soot (for example Kroto (1988)) or amorphous carbon (Dunne et al. 1992 , Townsend et al. 1992 , but the idea that microporous carbon may be fullerene-like in nature has not been widely discussed. The purpose of the present paper is to re-examine two typical non-graphitizing microporous carbons in the light of the new knowledge which has been gained since the discovery of the fullerenes. High-resolution electron microscopy was used to examine the effect on these carbons of heat treatment at temperatures in the range 210CL26OO"C. The carbons were prepared by the pyrolysis of a 668 P. J. F. Harris and S . C. Tsang poly(viny1idene chloride) (PVDC) polymer and of sucrose, which were two of the precursors used by Franklin in her classic work.
2. EXPERIMENTAL DETAILS

Preparation of carbons
The starting material for the preparation of the PVDC char was Saran 416 powder, a copolymer containing approximately 90% PVDC and 10% poly(viny1 chloride) (PVC),with a melting point of 172°C. 1 g of the powder was firstly heated to 165°C under nitrogen and held at this temperature for 68 h. The sample was then further heated to 660°C under nitrogen at a rate of 1"Cmin-' and was held at this temperature for 12h, before being cooled to room temperature under nitrogen. Xray microanalysis of the carbon produced in thls way showed no trace of residual chlorine or any other impurity.
Sucrose char was prepared by heating 2 g of pure sucrose to 700°C under nitrogen at a rate of 3°C min-' . After holding at this temperature for 1 h, the sample was allowed to cool under nitrogen to room temperature.
High-temperature heat treatments
The carbons were subjected to heat treatments at temperatures in the range 2 10&26OO0C under inert atmospheres.
Electron microscopy
Specimens were prepared by grinding the carbons gently under isopropyl alcohol and depositing onto holey carbon films. Only regions which protruded over a hole were examined. Imaging was carried out at 200kV in Philips CM20 and JEOL 4000EX transmission electron microscopes. Care was taken to minimize exposure to a focused electron beam in order to avoid specimen damage.
3. RESULTS
Typical high-resolution electron micrographs of the two freshly prepared carbons are shown in fig. 1 . In both cases the microstructure apparently consists of tightly curled single carbon layers, but detailed structural information is difficult to glean from such images. Figure 2 shows images of the Saran carbon following high-temperature heat treatment. In the material heated at 2100°C ( fig. 2(a) ), the average pore size has increased considerably from that in the freshly prepared carbon but the structure still consists largely of single carbon layers and was highly disordered. Following heat treatment at 2600"C, the development of a more ordered structure was evident, although regions of considerable disorder were still present. A micrograph of a relatively ordered region is shown in fig. 2(b) . Here, the structure consists largely of curved or faceted two-or three-layer carbon sheets enclosing voids typically 50-l5OA in size. The smooth appearance of these layer planes, compared with the structure shown in fig. 2(a) , indicates that defects such as vacancies have been annealed out, together with heteroatoms, leaving a relatively pure carbon structure. Quite similar micrographs of heat-treated PVDC-derived carbon have been published previously (for example Marsh (1989) ), but the precise nature of the structure has not been established. In the present study, a detailed examination of micrographs such as in fig. 2 (b) has revealed the presence of many discrete closed nanoparticles. 
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The particles were usually faceted, and often hexagonal in shape; a typical example is shown in fig. 3(u) . Sometimes, faceted layer planes enclosed two or more of the nanoparticles, as shown in fig. 3(b) . Here, the arrows indicate two saddle points, or regions of negative curvature. The most likely explanation for the closed structure of particles such as those shown in fig. 3 is that they contain pentagonal carbon rings, as in fullerenes. Indeed, the nanoparticles shown here are rather similar to particles which can be produced by arc evaporation in a fullerene generator (for example Harris et ul. (1993) and Saito et al. (1993) ), although in the latter case the particles usually contain many more layers. As in the case of fullerenes, 12 pentagons are required to produce closure of the nanoparticles. Features such as the saddle points shown in fig. 3 (h) are evidence of the presence of seven-membered rings as well as pentagons in the heat-treated carbons. The presence of non-six-membered rings in the carbons heated at high temperatures suggests that such rings were present in the original carbons, as discussed further in the next section.
An alternative possible explanation for the angles observed in the nanoparticles could be the presence of sp3 bonding. However, we believe that this is unlikely because sp3-bonded carbon is unstable at high temperatures. Diamond is converted to graphite at 1700"C, while tetrahedrally bonded carbon atoms in amorphous films are unstable above about 630°C (McKenzie 1996) . Therefore the very high temperatures used in this study would be expected to destroy any sp3 bonds.
It should be stressed that the Saran carbon was not entirely transformed into nanoparticles by high-temperature heat treatment, and large areas of randomly curved graphitic sheets and disordered material were present. However, regions such as that shown in fig. 2 (b) apparently did consist largely of carbon nanoparticles. This suggests that careful tailoring of the heat treatment conditions, perhaps coupled with more detailed control of the starting material, might enable the carbon to be almost completely transformed into nanoparticles, thus providing a straightforward route to these potentially useful structures. Certainly the production of nanoparticles by high temperature annealing of non-graphitizing carbons should be cheaper and more amenable to scale up than arc evaporation.
Turning now to the sucrose-derived carbons, micrographs of these materials following heat treatment at 2300 and 2600°C are shown in figs. 4(u) and (b) respectively. The structure shown in fig. 4 (a) displays some evidence for the formation of relatively large pores, approximately 50-100A in diameter, although it is not clear whether or not these are closed particles. It can be seen that much of the material is still highly disordered. Rather similar images of heat-treated sucrose-derived carbons have been published previously (Rouzaud and Oberlin 1989). Following heat treatment at 2600°C (fig, 4(b) ), the material is still disordered, although the pores are somewhat larger and more obviously faceted. Closed particles could be found in the heat-treated sucrose char, but these were much less common than in the Saranderived carbon. An example of a sharply faceted nanoparticle is shown in fig.  5 (a) . Occasionally, structures which resembled the caps of carbon nanotubes were found, as shown in fig. 5 (b) , but extended nanotubes were not seen.
The observation of fullerene-like structures in heat-treated non-graphitizing carbons suggests that small fullerenes such as Cm may also be present. Experiments are under way to determine whether these can be detected. 
4.1.
A model for the structure of non-graphitizing carbons As noted in the introduction, numerous models have been put forward for the microstructure of non-graphitizing carbons since the pioneering work of Franklin (1951) , but none of these is entirely satisfactory in explaining the resistance of the carbons to graphitization. Previous models have envisaged a structure consisting of crumpled and twisted graphene sheets, but it seems unlikely that such a structure would retain its porosity following high-temperature heat treatment. Graphitic ribbons are extremely flexible and the tendency would be for them to fold ever more tightly together in order to reduce surface energy. As demonstrated in this study, high-temperature heat treatment of microporous carbon results in the formation of hollow nanoparticles rather than a solid graphitic mass. We believe that these results provide evidence that non-graphitizing carbons contain pentagonal carbon rings, as well as other non-six-membered rings, and that this explains their resistance to graphitization. A schematic illustration of our model for the structure of non-graphitizing carbons is shown in fig. 6 . This model is quite similar to the 'random schwartzite' structure proposed by Townsend et al. (1992) , although our structure consists of discrete fragments rather than a single unbroken sheet. This is consistent with transmission electron microscopy studies, which indicFte that non-graphitizing carbons consist of curved fragments approximately 10-50A in length, rather than a continuous sheet (Fryer 1981) . Also, the observation that the carbons are partially transformed into fullerene-like nanoparticles, each containing 12 pentagons, suggests that a large number of pentagons were present in the original carbons. Therefore we envisage a higher proportion of pentagons and a smaller proportion of heptagons than do Townsend et al. In our model, as well as in tbe random schwartzite structure, the size of the micropores is of the order of 5-10A, which is similar to the pore sizes observed in typical microporous carbons (Foley 1995).
Fig. 6
Schematic illustration of our model for the structure of non-graphitizing carbons.
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We have not yet made any attempt to compare the stability of a structure such as that illustrated in fig. 6 with that of the conventional models of microporous carbon. In general, one would expect the introduction of pentagons or heptagons into a graphene sheet to introduce additional strain and therefore be energetically disadvantageous. However, it should be noted that in a crumpled and twisted sheet, as we may have in a microporous carbon, the atoms in five-or seven-membered rings may not be any more strained than those in six-membered rings.
If the model that we are proposing for non-graphitizing carbons is correct, it suggests that these carbons are very similar in structure to fullerene soot, the low density disordered material which forms on walls of the arc evaporation vessel and from which C a and other fullerenes may be extracted. Fullerene soot is known to be microporous, with a surface area, after activation with carbon dioxide, of approximately 700 m2 g-' , and detailed analysis of high-resolution electron micrographs of fullerene soot has shown that these are consistent with a random schwartzite-type structure (Bursill and Bourgeois 1995) . It is significant that high-temperature heat treatments can transform fullerene soot into nanoparticles very similar to those observed in heated microporous carbon (de Heer and Ugarte 1993, Ugarte 1994).
The mechanism of carbonization
If our model for non-graphitizing carbons is correct, it may shed some light on the important problem of why some organic materials produce graphitizing carbons and others yield non-graphitizing carbons. However, the carbonization of organic materials is an immensely complex process, and there is unlikely to be a simple relationship between the structure of the original precursor and the nature of the carbon produced by pyrolysis. For example structures which contain five-membered rings can be either graphitizing or non-graphitizing (Lewis 1982) . It is quite possible that physical properties of the precursors, and the conditions under which pyrolysis is carried out, may be more important than chemical structure in determining whether five-membered rings are present in the final carbon. In support of this view, it is interesting to consider the pyrolysis of naphthalene. When this compound is pyrolysed in the condensed phase, it yields a graphitizing carbon (Greinke and Lewis 1984), while gas-phase pyrolysis can yield C6" (Taylor et al. 1993) . A better understanding of carbonization would not only help us to rationalize such observations but might also lead to the synthesis of some of the many all-carbon polymers, such as ordered schwarzites, which have been proposed by theoreticians (for example Terrones et al. (1 994) ).
4.3. Comments on the structure oj'soot und curbon blacks Carbon blacks and soot particles may be considered a special class of non-graphitizing carbons, and a brief discussion of their structure is therefore appropriate here. In recent years, the possibility that soot particles might be fullerene like has been vigorously debated (for example Kroto and McKay (1988) and Ebert (1993) ), and the issue remains controversial. The arguments have chiefly centred on the inferences that can be made from physical measurements on the carbon particles themselves, and little attention has been paid so far to the way in which the particles are transformed by high-temperature heat treatment. In fact, it is well established that such treatments transform carbon black particles into closed-shell structures rather similar to those described in this paper (for example Heidenreich et al. (1968) ).
